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A cDNA full length encoding a putative ultraviolet (UV)-sensitive visual pigment of goldfish was 
isolated. The deduced amino acid sequence shows 64% identity to those of human blue and chicken 
violet, and less identity (40-49%) to those of other vertebrate visual pigments. The mRNA is 
localized in the miniature short single cone cells, which are known to have a sensitivity maximum in 
the near UV-region. 
Opsin Visual pigment cDNA cloning UV-sensitive pigment Goldfish (Carassius auratus) 
INTRODUCTION 
Many freshwater fishes possess highly developed color 
vision. The spectral sensitivity of goldfish, acyprinid, has 
been well studied. The first microspectrophotometric 
measurements in goldfish demonstrated four kinds of 
photoreceptor cells with sensitivity maxima t about 620, 
530, 450 nm (cone cells) and 520 nm (a rod cell) (Marks, 
1965; Harosi, 1976; Stell & Harosi, 1976). Johnson, 
Grant, Zankel, Boehm, Merbs, Nathans & Nakanishi 
(1993) isolated the cDNAs encoding these visual 
pigments and characterized them by expression of these 
pigments in cultured mammalian cells. Localization of 
these mRNAs were also clarified by in situ hybridization 
(Raymond, Barthel, Rounsifer, Sullivan & Knight, 1993). 
In addition to these three cone types, cyprinids were 
also reported to have a cone cell with maximal sensitivity 
in the ultraviolet (UV) region. This was first shown by 
Avery, Bowmaker, Djamgoz and Downing (1983) in the 
roach, and by Harosi and Hashimoto (1983) in the 
Japanese Dace. UV-sensitive cones were also found in 
carp (Harosi, 1985) and in the rudd (Whitmore & 
Bowmaker, 1989). Recently, Bowmaker, Thorpe and 
Douglas (1991) reported microspectrophotometric mea- 
surements showing that the miniature short single cones 
in goldfish have a sensitivity maximum at 355-360 nm. 
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These data suggest hat cyprinid fishes have tetrachro- 
matic cone system, and UV-sensitivity of goldfish has 
been demonstrated by behavioral experiments (Hawry- 
shyn & Beauchamp, 1985; Neumeyer, 1985). The 
existence of UV-sensitive cones was also supported by 
color mixture experiments (Neumeyer, 1992). However, 
these UV-pigments have not been studied on a molecular 
level, except for the isolation of a cDNA encoding the 
putative zebrafish UV-sensitive pigment, which has an 
absorption maximum (2max) at about 360 nm (Robinson, 
Schmitt, Harosi, Reece & Dowling, 1993). The deduced 
amino acid sequence of the zebrafish UV-sensitive 
pigment is surprisingly similar to those of other 
vertebrate rhodopsins which have 2max at about 500 nm, 
We have previously reported a genomic DNA 
fragment (GFH-3) belonging to the tritope-group of 
pigments, which absorb at short wavelengths, and we 
suggested that this gene might encode the goldfish UV- 
sensitive pigment (Hisatomi, Kayada, Aoki, Iwasa & 
Tokunaga, 1994). In this paper, we report the isolation 
and characterization f the GFH-3 cDNA containing the 
complete coding region, and the localization of GFH-3 
mRNA in UV-sensitive miniature short single cones. 
MATERIALS AND METHODS 
Synthesis of goldfish retinal cDNA and poly G-tailing 
Retinal RNA was isolated from 20 goldfish (5-10 cm, 
Carassius auratus) according to standard methods 
(Maniatis, Fritsch & Sambrook, 1982), and cDNA was 
made using a poly-T primer [Fig. I(A); Hisatomi, Iwasa, 
Tokunaga & Yasui, 1991]. After synthesis of the first 
strand, RNAs were hydrolyzed by heating at 80°C for 
20min in the presence of 0.3 M NaOH and 10mM 
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FIGURE 1. (A) Oligonucleotide primers ynthesized forcDNA synthesis and amplifications of the GFH-3 cDNA fragments. 
(B) Cloning strategy ofthe GFH-3 cDNA encoding the complete coding region (see text). Filled and shaded boxes represent the 
coding regions and the region corresponding to the GFH-3 genomic DNA fragment, respectively. 
EDTA (ethylenediaminetetraacetic acid). Excess poly-T 
primer and dNTPs were removed on a Sephadex G-50 
spin column, and a poly G-tail was added to the cDNA 
using TdT (terminal deoxynucleotidyl transferase, 
TOYOBO). After denaturing the TdT at 65°C for 
15 min, the buffer was exchanged to TE (10 mM Tris- 
HCI and 1 mM EDTA, pH 8.0) with a Sephadex G-50 
spin column. 
Amplification of cDNA fragments 
The RACE (rapid amplification of both cDNA ends) 
method (Frohman, Dush & Martin, 1988; Ohara, Dorit & 
Gilbert, 1989) was carried out, as described in Hisatomi 
et al. (1991) with slight modifications. Each amplification 
was carried out in 50 #1 of the amplification mixture, 
containing primers, 2 pl of the cDNA solution, 20 unit/ml 
Taq polymerase (Cetus), 0.2 mM each of dNTPs, 50 mM 
KC1, 2mM MgCI2, l mM 2-mercaptoethanol, 0.1% 
Triton X-100 and 25mM TAPS [N-Tris(hydroxy- 
methyl)methyl-3-aminopropansulfonic acid, pH 9.3]. 
The amplification cycles were 94°C for 1 min (denatura- 
tion), 50°C for 1 min (annealing) and 72°C for 2.5 min 
(polymerization). 
Sequencing and data analysis 
Sequencing reactions were carried out according to the 
cycle sequencing method, as recommended in the 
manufacturer's protocol (Applied Biosystems). The 
nucleotide sequence of the cDNA fragments was 
determined from at least four clones obtained by 
independent amplifications, to avoid PCR errors. All 
sequences were determined in both directions by using an 
P~A~ ~-SENS~ P IGME~ OF GOLDFISH 
AGCAGGCTGCTCATTGACTTCACAGAGACACCGCACAAGAACAAGGGCACTAACGGTGCAACC 0 
ATGGACGCGTGGACCTATCAATTTGGTAACCTCTCCAAAATCAGCCCCTTCGAGGGCCCA•AGTACCATCTGGCCCCCAAGTGGGCTTTC 90 
M O A W T Y 0 F G N L S K I S P F E G P 0 Y H L A P K W A F 30 
TACCTGCAGGCAGCTTTCATGGGCTTTGTATTTTTCGTGGGCACACCTTTGAATGCCATCGTCCTCTTTGTTACAATGAAGTACAAGAAA 180 
Y L 0 A A F M G F V F F V G T P L N A I V L F V T M K Y K K 60 
CTCAGACAGCCTCTCAACTACATCTTGGTGAACATCTCCCTAGGAGGCTTTATTTTCGACACTTTTTCTGTAAGCCAAGTATTCTTTTCT 270 
L R 0 P L N Y I L V N I S L G G F I F D T F S V S 0 V F F S 90 
GCTCTTAGAGGTTATTACTTCTTCGGTTATACACTGTGTGCAATGGAAGCTGCAATGGGATCGATTGCGGGACTTGTGACAGGATGGTCT 360 
A L R G Y Y F F G Y T L C A M E A A M G S I A G L V T G W S 120 
CTGGCAGTTCTGGCTTTCGAGAGATACGTGGTTATCTGTAAACCTTTTGGAAGCTTCAAGTTCGGACAAAGCCA~CATTGGGAGCCGTT 450 
L A V L A F E R Y V V I C K P F G S F K F G 0 S 0 A L G A V 150 
GCG~T~A~TGGAT~ATAGGTAT~GGTTGTGC~A~T~CT~ATT~TGGGGATGGAGCAGATACATTCCAGAGGGTATTGGCACCGCCTGC 540 
A L T W I I G 1G C A T P P F W G W S R Y I P E G I G T A C 180 
GGACCTGACTGGTACACAAAAAACGAGGAGTACAATACTGAGAGCTACACTTACTTCCTATTGGTCTCCTGCTTCATGATGCCAATAATG 630 
G P D W Y T K N E E Y N T K S Y T Y F L L V S C F M M P I M 210 
ATCATCA•CTTCTCCTATTCACAACTGTT•GG•GCCCTGCGT•CTGTT•CAGCCCA•CAGGCCGAGTCTGCCTCCACC•AAAA••CTGAG 720 
I I T F S Y S 0 L L G A L R A V A A 0 0 A E S A S T 0 K A E 240 
AAGGAAGTGTCCAGGATGGTTGTTGTGATGGTTGGATCCTTTGTCGTTTGCTATGGCCCTTATGCCATCACTGCCTTGTATTTTAGCTAT 810 
K E V S R M V V V M V G S F V V C Y G P Y A I T A L Y F S Y 270 
GCTGAGGATTCAAACAAGGATTACCGTCTGGTGGCCATCCCTTCTTTGTTCTC•AAGAGCTCCTGCGTGTACAACCCCCTAATCTATGCC 900 
A E D S N K D Y R L V A I P S L F S K S S C V Y N P L I Y A 300 
TTCATGAACAAACAGTTCAATGCCTGCATCATGGAGACTGTATTTGGCAAGAAGATTGATGAGAGCTCAGAGGTTTCCAGCAAGACTGAA 990 
F M N K 0 F N A C I M E T V F G K K I D E S S E V S S K T E 330 
ACCTCCTCTGTGTCTGCATAAAT•A•TCCACAATTTTCTATTCCTATTTACAACTTG•CTGGACCTGTTTTCATGTTATCCCTTGCCCTG 1080 
T S S V S A *  336 
A•TGTTCAAATCCTGCACCTTTACACCTTGTTGAGGGCTGA•GGATTCTCCATG•CCAAGAAGACACAGCCCGCTGGATGGCCAAACCAG 1170 
TGGGTGA•ATCCTACCATCCTTTC•GTGCAGTACTGGTACACCTTCAAAATACTACTAT•TTATTTTATTTATTTT•TTGTAATTGCTGT 1260 
CTAATGTTACAACAATGCATTATGCATTGACGATGAAGTAGAATGTTAAATTGTTAACTTGCAACA 1389 
FIGURE 2. Re  nucleotide and deduced amino acid sequences of GFH-3 eDNA. 
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ABI-373A automatic DNA sequencer (Applied Biosys- retinal cryosections, as previously described (Barthel & 
tems). Raymond, 1990). 
Evolutionary distances of the sequences (k) were To generate cRNA probes the full length GFH-3 eDNA 
calculated for 290 amino acids between the region plasmid preparation was carried out using the method of 
corresponding to P16 and Q328 of GFH-3, by using the Wang, Voysey and Yu (1994), and linearization using 
amino acid difference D (per site), with a correction for EcoRI and HindlII generated templates for the prepara- 
multiple substitutions of k = - In(1 - D) (Kimura, tion of antisense and sense probes, respectively. Anti- 
1983). A phylogenetic tree was constructed by the sense cRNA riboprobes were synthesized by run-off 
neighbor-joining method (Saitou & Nei, 1987), using transcription from the T3 (and sense probe from the T7) 
drosophila nd octopus rhodopsin as outgroups (Zuker, promoter, with digoxigenin-UTP, according to the 
Cowman & Rubin, 1985; Ovchinnikov, Abdulaev, manufacturer's specifications (Boehringer Mannheim, 
Zolotarev, Artamonov, Bespalov, Dergachev & Tsuda, Indianapolis, IN, U.S.A.). 
1988). Methods for in situ hybridization of retinal cryosec- 
tions have been described (Barthel & Raymond, 1993; 
Raymond et al., 1993). Briefly, sections tored at -- 90°C 
In situ hybridization were thawed, rehydrated, incubated in 10 #g/ml protei- 
Goldfish (Carassius auratus, 3-5 cm in length), and nase K (Boehringer Mannheim, Indianapolis, IN, U.S.A.) 
zebrafish (Brachydanio rerio, 2-3 cm in length) were for 10 min, then treated with 0.25% acetic anhydride in 
obtained from a local pet store. They were anesthetized in 0.1 M triethanolamine, and hybridized at 56°C overnight 
0.02% methane tricaine sulfonate (Sigma, St Louis, MO, with 2 pg cRNA probe in 500 #1 hybridization solution. 
U.S.A.), and decapitated, and the eyes were enucleated, After washing and treatment with RNase A (Boehringer 
fixed in 4% paraformaldehyde, and prepared for 3 gm Mannheim, Indianapolis, IN, U.S.A.), slides were 
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Cytoplasmic 
N Extracellular 
FIGURE 3. The transmembrane structural model of GFH-3. Shaded amino acids are N10, C103, El06, C180 and K289 (see 
text). 
incubated overnight with anti-digoxigenin antibodies 
conjugated to horseradish peroxidase (HRP), and the 
hybridization signal was detected with diaminobenzidine 
(DAB). Sections were rinsed in 0.1 M phosphate buffer 
(pH 7.4) and coverslipped under 100% glycerol, then 
photographed with Nomarski optics. The 35 mm photo- 
graphic slides were scanned onto a Kodak Photo CD 
(Rochester, NY, U.S.A.), and printed using Adobe 
Photoshop (Adobe Systems Inc., Mountain View, CA, 
U.S.A.). 
RESULTS AND DISCUSSION 
Isolation of GFH-3 cDNA encoding the complete coding 
region 
The fraction of total retinal mRNA coding for 
ultraviolet (UV)-sensitive pigment was estimated to be 
low, so we selected the RACE (rapid amplification of 
both cDNA ends) method to amplify GFH-3 cDNA rather 
than constructing and screening a goldfish retinal cDNA 
library. Figure 103) shows the cloning strategy used to 
obtain the complete coding region of GFH-3. For 
isolation of the 3' min arc end, 10 cycles of amplification 
were carried out with 1 pM (final concentration) of F1 
primer [Fig. I(A)]. After the addition of 2 ~uM of T-amp, 
cDNA fragments were further amplified for 40 cycles. 
Amplified cDNA fragments were digested by BamHI and 
HindlII restriction endnucleases, and fragments longer 
than 500 bp were isolated and cloned into the pUC18 
plasmid vector. 
For isolation of the 5' min arc end, 40 amplification 
cycles were carried out using 50 nM of poly C-primer, 
2/~M of C-amp, and 1 #M of R1 primer [Fig. I(A)]. 
cDNA fragments were digested by SacI and EcoRI 
endonucleases, and fragments longer than 800 bp were 
isolated and cloned into pBluescript II SK -  (Stratagene) 
plasmid vector. R2 primer was used instead of R1 primer 
for the isolation of the longer cDNA fragments. In 
addition to these primers, oligonucleotide primers IF2, 
F3, R3 and R4; Fig I(A)] were synthesized and used for 
independent amplifications of the cDNA fragments. The 
amplified fragments were cloned and sequenced to 
confirm the sequence in the coding region. 
Nucleotide and the deduced amino acid sequence of 
GFH-3 
Figure 2 shows the nucleotide and the deduced amino 
acid sequences of the GFH-3 cDNA. The first ATG 
shows a good agreement with the Kozak criteria for 
eukaryotic nitiation sites (Kozak, 1981), and is followed 
by an long open reading flame of 1008 bases. Regarding 
this ATG as the translational initiation codon, GFH-3 
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i__[--Human Red 
<<protope-group>> [ b Human Green 
0.1 
I I 
<<deuter°pe'gr°uP>r~ Human Rhodopsin 
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FIGURE 4. A molecular phylogenetic ree. Sequences of visual 
pigments are from the literature; human cone pigments [red, green and 
blue, Nathans et al. (1986)], chicken cone pigments [red, Tokunaga, 
Kayada, Miyagishi and Iwasa (1990); green, blue and violet, Okano et 
al. (1992)], goldfish pigments [red, green-l, green-2, blue and 
rhodopsin, Johnson et al. (1993)], rhodopsins [human, Nathans and 
Hogness (1984); chicken, Takao et al. (1987); lamprey, Hisatomi et al. 
(1991)] and zebrafish UV pigment (Robinson et al., 1993). 
encodes 336 amino acids with a molecular mass of about 
37 kDa. The hydropathy plot of this sequence coincided 
with the typical seven transmembrane structure as 
described for bovine rhodopsin (Hargrave, McDowell, 
Curtis, Wang, Juszczak, Fong, Mohanna Rao & Argos, 
1983). Figure 3 shows the transmembrane structural 
model of GFH-3. The lysine residue (K289) probably 
makes a Schiff base linkage with the chromophore 
(Wang, McDowell & Hargrave, 1980), and the glutamic 
acid (El06) seems to be a counter-ion of the protonated 
Schiff base (Sakmar, Franke & Khorana, 1989; Zhu- 
kovsky & Oprian, 1989; Nathans, 1990). The asparagine 
residue (N10) may be glycosylated, and a Ser- and Thr- 
rich region near the C-terminal is a potential phos- 
phorylation site (Ohguro, Johnson, Ericsson, Walsh & 
Palczewski, 1994). Cysl03 and Cysl80 probably make a 
disulfide bond (Karnik, Sakmar, Chen & Korana, 1988). 
These amino acid residues are found commonly in 
vertebrate visual pigments, and this suggested that the 
cDNA encodes a functional visual pigment. The deduced 
amino acid sequence shows 64% identity to those of 
human blue and chicken violet, and less identity (40- 
49%) to those of other vertebrate visual pigments 
(Nathans, Thomas & Hogness, 1986; Okano, Kojima, 
Fukada, Shichida & Yoshizawa, 1992). Judging from the 
molecular phylogenetic tree, GFH-3 can be classified into 
the tritope-group, which encodes pigments expected to 
have absorption maximum (2max) at shorter wavelengths 
(Fig. 4). 
Amino acids cause the blue-ship of  absorption maximum 
We considered which amino acid residues might shift 
the 2max of GFH-3 to the UV-region. These residues may 
locate in the putative transmembrane regions. Eleven 
amino acid residues (Q33, G38, F77, $83, V84, Gl18, 
F165, G252, $253, Y258 and C292; these correspond to 
positions 40, 45, 84, 90, 91, 125, 172, 259, 260, 265 and 
299 in bovine rhodopsin) conserved only in tritope- 
group, and have physicochemical properties different 
from residues in other groups. Y258 of GFH-3 probably 
forms the retinal binding pocket and may shift the 2max at 
shorter wavelength, since a bovine rhodopsin mutation at 
the corresponding residue (W265Y) caused a15 nm blue- 
shift of the ~max (Nakayama & Khorana, 1991). C292 
might have some effects on protonated Schiff base 
linkage between the chromophore and K289. G118, G252 
and $253 are located close to the residues (Wl19 and 
Y258 of GFH-3) which might form the retinal binding 
pocket (W126 and W265 in bovine rhodopsin; Nakayama 
& Khorana, 1991), and may shift the spectral sensitivities 
of visual pigments. The ~max of goldfish UV pigment is 
about 50 nm shorter than those of human blue and 
chicken violet, and D80, A108, T264 and F268 (these 
correspond to positions 87, 115, 271 and 275 in bovine 
rhodopsin) are GFH-3 specific amino acid residues in the 
putative transmembrane regions, which might be candi- 
dates for further blue-shift of the 2max- 
In situ localization of  GFH-3 
Probes prepared from the GFH-3 clone selectively 
hybridized to the miniature short single (mss) cone 
photoreceptors of goldfish retina [Fig. 5(A)]. Control 
sense probes did not hybridize (data not shown). The mss 
cones were easily identified morphologically based on 
several criteria: they are the shortest in overall length, 
they have a round ellipsoid, and they are the only cones 
whose nucleus is located completely on the retinal side of 
the outer limiting membrane (Raymond et al., 1993). The 
hybridization signal was localized to the myoid region of 
the cone inner segment; his subcellular localization is 
characteristic for opsin messages in teleost photorecep- 
tors, as shown previously for other cone types (Raymond 
et al., 1993). An identical hybridization pattern has been 
observed previously using a eRNA probe prepared from a 
200 bp fragment of GFH-3 (Stenkamp & Raymond, 
1994). The full-length GFH-3 probe also selectively 
hybridized to a subset of cones in zebrafish which are 
known to be UV-sensitive (Robinson et al., 1993) and 
which are morphologically similar to the UV photo- 
receptors in goldfish. Taken together, these findings 
provide additional evidence that GFH-3 encodes an UV- 
sensitive teleost opsin. 
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on l  
FIGURE 5. In situ hybridization of GFH-3 to UV cones: (A) radial cryosection of adult goldfish retina. The hybridization signal 
(arrowhead) is localized to the myoid of the UV-sensitive miniature short single cones (mss). Red and green-sensitive double 
cones (dc) and blue-sensitive short single cones (ss) are negative, onl, outer nuclear layer containing photoreceptor nuclei. 
Bar = 25 ,urn, and also applies to B; and (B) radial cryosection of adult zebrafish retina. The hybridization signal (arrowhead) is
localized to the myoid of the UV-sensitive short single cones (ss). Red and green-sensitive double cones (dc) and blue-sensitive 
long single cones (Is) are negative. 
Phylogenetic relationship between GFH-3 and zebrafish 
UV pigment 
The amino acid sequence of the putative zebrafish UV- 
sensitive pigment is only 42% identical to that of GFH-3, 
and is more similar to vertebrate rhodopsins with 2m~,, at 
about 500 nm (Nathans & Hogness, 1984; Takao, Yasui 
& Tokunaga, 1988; Hisatomi et al., 1991; Johnson et al., 
1993) than to other cone pigments. In our experiments, 
the GFH-3 cRNA probe hybridized very selectively to 
short single (UV-sensitive) cones in zebrafish [Fig. 5(B)]. 
Robinson et al. (1993) reported a similar selective 
hybridization of their zebrafish UV probe. 
To explain this discrepancy, there are several possibi- 
lities, as follows: (1) UV-sensitive pigments of goldfish 
and zebrafish evolved independently; (2) cRNA probes of 
GFH-3 or zebrafish UV pigment (or both) recognized 
similar sequence(s), that is, the cRNA probe(s) cross- 
hybridized; and (3) UV-sensitive cones express more 
than one opsin gene. With reference to the first point we 
isolated agenomic DNA fragment (SLM-3) from salmon, 
Oncorhynchus keta (Hisatomi et al., 1994) which 
resembles GFH-3, and we recently isolated similar 
genomic DNA and cDNA fragments from killifish, 
Oryzias latipes. Both goldfish and zebrafish belong to 
the cypriniformes, however, whereas almon and killifish 
belong to clupeiformes and atheriniformes, respectively. 
Therefore, visual pigment genes belonging to the tritope- 
group, seem to exist not only in birds and mammals, but 
also in several species of bony fishes, so it seems unlikely 
that zebrafish independently evolved a different UV 
pigment. It seems reasonable, however, that UV-sensitive 
pigment in teleost fish is similar to the human blue- and 
chicken violet-sensitive pigments with '~max at about 
420 nm (Fager & Fager, 1980; Merbs & Nathans, 1992; 
Okano, Fukada, Artamonov & Yoshizawa, 1989; Oprian, 
Asenjo, Lee & Pelletier, 1991). We therefore believe it is 
reasonable to conclude that the GFH-3 cDNA encodes 
the UV-sensitive visual pigment of goldfish. However, 
neither the putative zebrafish nor goldfish UV pigments 
have been expressed as recombinant proteins in order to 
directly measure their spectral properties. With reference 
to the second point, the possibility of cross-hybridization 
of the cRNA probes, this seems unlikely since we observe 
no hybridization of the GFH-3 probe to rods in either 
zebrafish or in goldfish. Finally, the last possibility, that 
the UV-sensitive cones express the mRNAs of two 
different pigments (that is, both of the pigments are UV- 
sensitive or one of them is not functional) cannot be 
excluded on the basis of the current data. 
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